Molecular dynamics simulations were performed to study the deformation mechanisms of ⟨110⟩-oriented, faceted Cu and Au nanowires under bending along three different crystallographic directions. Independent of the bending direction, the stress field is characterized by a highly nonlinear elastic response, leading to a shift of the neutral fiber away from the central wire axis. The nanowires show ultra-high yield strengths, and the achievable large elastic strains directly influence the dislocation nucleation through the change of the unstable stacking fault energy. In agreement with theory and experiments on face-centered cubic ⟨110⟩ nanowires under uniaxial load, the tensile part of the wires exhibit deformation twinning, while plastic deformation in the compressed part takes place by slip of perfect dislocations. Independent of the bending direction, wire size, temperature and bending rate, all wires showed the formation of wedge-shaped twins. Upon instantaneous load removal, wires bent in two of the three directions showed spontaneous, pseudoelastic unbending. The findings of this study could be relevant for the design of flexible electronics and mechanical energy storage applications at the nanoscale.
Introduction
Metallic nanowires (NWs) have recently attracted a lot of attention due to their unique mechanical properties [1] [2] [3] [4] . In particular defect free NWs, also sometimes referred to as nanowhiskers, are characterized by ultra-high yield strengths close to the theoretical strength, as dislocations have to be nucleated from the free surfaces [1, 2, 5] . For face-centered cubic (fcc) metals, such nucleationcontrolled plasticity leads to a size and orientation dependence of the deformation mechanism [4, 6, 7] : whether full or partial dislocations are nucleated depends on the resolved shear stress on the leading an trailing partial dislocations as well as the stable and unstable stacking fault energies. Whether partial dislocations form a deformation twin depends furthermore on the unstable twinning energy. This theory successfully predicted the deformation of ⟨110⟩-oriented Au NWs by twinning under tension and by full dislocations in compression [7, 8] . Deformation twinning of NWs was also predicted by molecular dynamics (MD) simulations to lead to pseudoelastic deformation and a shape memory effect [9] [10] [11] [12] [13] , which was recently confirmed experimentally [8] . The high surface-to-volume ratio of NWs is furthermore believed to influence the elastic response of NWs through a combination of surface stress effects and nonlinear elastic response of the atoms within the strained core of the NW [4, 9, [14] [15] [16] .
Most studies of metallic NWs to date have been performed under tensile testing conditions. Despite the importance of characterizing the deformation behavior under bending loads, e.g., for applications of metallic NWs in flexible and stretchable electronics [17] [18] [19] , electronic and optoelectronic devices [20, 21] systems (NEMS) [22] , only comparatively few NW bending experiments [14, [23] [24] [25] [26] [27] [28] [29] [30] and MD simulations [15, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] have been reported. In particular, the plastic deformation behavior during bending of [110]-oriented, faceted NWs typical for many fcc metals [5, 7, 8, 43, 44] has not yet been investigated in detail by atomistic simulations. According to [7, 8] , during bending these wires should show a competition between twinning in the part subjected to tensile stress and full dislocation slip in the compressive part of the NW.
Although Cai et al. have devised special bending periodic boundary conditions [33] , these are not available in all MD codes, and various methods to apply bending loads or displacements are currently used throughout the literature. These include cantilever beams where forces are applied by an indenter [39] , or directly on certain atoms [31, 32] , or the atoms at one end are rigidly displaced [15] ; double-clamped wires where forces are applied by an indenter [36, 38, 45] , or certain atoms are displaced with constant velocity [41] ; by modeling four-point bending by applying forces to selected atoms [35] ; by displacing all atoms according to a prescribed bending angle [40, 46] ; or by rotating fixed clamping regions [37] . Stress concentrations, e.g., due to the indenter or fixed clamping regions can however lead to unwanted dislocation nucleation.
In this letter, we report on MD simulations on ⟨110⟩-oriented Cu and Au NWs using a simple method to introduce bending loads without artificial stress concentrations. The ensuing stress field and deformation mechanisms are analyzed in detail for three different orientations of the wire with respect to the bending load.
Methods
Molecular dynamics (MD) simulations were performed on [011] oriented Cu and Au NWs with hexagonal crosssections with two {100} and four {111} facets, see Fig. 1 
(a).
This geometry is representative for many fcc NWs [5, 7, 8, 43, 44] . Three wires of different lengths l and diameters d were tested: a small wire (51 × 10 nm, 366,705 atoms), a large wire (102 × 20 nm, 2967,357 atoms) and a highaspect ratio wire (102 × 10 nm, 732,505 atoms). Before performing the MD simulations, the wires were relaxed using the FIRE algorithm [47] .
Bending moments were applied by imposing forces on atoms at the two ends of the wires, see Fig. 1(d) . The magnitude of the force was increased linearly with time. The direction of the force was determined at each time step according to the cross-product between the bending axis (=z axis) and, for atoms in the left end of the wire (region 2), the vector connecting the center mass of region 2 to the center of mass of the wire center, region 1. Atoms in region 3 were given forces in the direction according to the cross-product between the bending axis and the vector connecting the center of mass of region 1 to center mass of region 2. The net momentum resulting by this approach was eliminated by subtracting from each atom the mean velocity vector. This procedure leads to stresses akin to a three-point bending test while avoiding artificial periodic boundary conditions and stress concentrations caused by an indenter or clamps. It allows also for the instantaneous removal of the applied forces, which is important for the study of spontaneous, pseudoelastic, unbending. The widths of the regions were 1 nm, and forces were increased byḞ bend = 300 and 150 N/s.
Three orientations of the wire with respect to the bending axis were tested, see While the first two configurations are mirror symmetric with respect to the plane normal to the bending axis, the cross-section of the last one has only point symmetry. In the following these configurations will be identified by the crystallographic direction along which the forces are applied (''bending direction'', corresponding to the y-axis). MD simulations were performed in the microcanonical NVE ensemble with a starting temperature of 0 K and in the canonical NVT ensemble at 300 K, where the temperature was controlled with a Nosé-Hoover thermostat [48] . The temperature increase during the NVE simulations was in all cases below 50 K.
In addition to the bending simulations, the effect of unloading was simulated for the 51 × 10 nm Cu wires in all three orientations. In this case, the bending forces were instantaneously removed and the simulation was continued for 200 ps.
In the following, we characterize the deformation state by the displacement in y direction of the center of mass of the end regions, from which a nominal bending angle Θ nom can be calculated under the assumption of an ideal Euler-Bernoulli beam. It has to be pointed out that this is only an approximate measure for the deformation, as the NWs do not represent ideal Euler-Bernoulli beams, and in particular in the case of local plastic deformation, no unique bending angle can be defined. As measure for the yield strength, we use the maximum nominal bending stress σ y,max B,nom . It is a function of cross-section and orientation of the wire, see also the calculation of the area Embedded atom method (EAM) potentials were used to model the atomic interactions for Cu [49] and Au [50] . The simulations were carried out with the MD software package IMD [51] . The wires were visualized with AtomEye [52] and Ovito [53] . To detect dislocations, we used common neighbor analysis (CNA) [54] , slip vector analysis [55] and the dislocation extraction algorithm (DXA) [56] .
Results
Typical shapes of the elastically bent wires are shown in Fig. 2 . Given the large strains attainable in the defect free NWs, the elastic response is non-linear, leading to compressive stresses which are two-to three times larger than the tensile stresses. The neutral axis is correspondingly shifted to the compressive region so that the wire is in equilibrium [57] .
In all wires, plastic deformation was dominated by the formation of twins, although some full dislocation activity in the compressive part was observed in some cases. Table 1 summarizes the different simulations. In addition to the applied force A striking characteristic of all bending simulations was the formation of wedge-shaped twins. In the following, the morphology and deformation processes will be described in detail for the different bending orientations, using the results from the NVE simulations on small Cu wires anḋ 
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see Fig. 36a in the Supplementary Material, Appendix A. This reaction corresponds to the first step in the cross-slip process through an acute angle according to the Fleischer mechanism [59] , which has also been observed in other simulations of nanostructured materials [60] . This process took also place at the twin on the (c) plane. There, the dislocations glided in the negative x direction, forming again an acute angle with the initial glide plane. Only at later stages dislocation nucleated at the compressive side of the wire. However, the deformation was clearly more pronounced in the upper, tensile, part of the wire. Wires of different sizes show the same mechanisms and twin morphologies, however, not as symmetric as in Fig. 3(a) , and one twin family could dominate, see Figure (2) (3) given in the Supplementary Information, see Appendix A; the deformation mechanism was either the formation of a type-I twinning wedge (TW-I) or the formation of a type-II twinning wedge (TW-II), see the text for detailed description of these mechanisms. For selected simulations, the maximum resolved shear stresses τ max on leading (subscript 'lp') and trailing partial dislocations (subscript 'tp') in the compressive (subscript 'C') and tensile (subscript 'T') parts of the wire were calculated from the atomistic stress tensor of the configuration before dislocation nucleation, see Fig. 2 . 19 in the Supplementary Material, Appendix A. At 300 K, the dislocation nucleation started earlier, see Table 1 , and more twins were formed, see Movies M13 and M14. Similar to the Au wires, the key features, however, remained unchanged, see the Supplementary Material, Appendix A.
3.2.
[100] bending direction Fig. 3(b) shows the wedge-shaped twin that formed during bending in the [100] direction (F bend = 102 nN and Θ nom = 83°). In contrast to Fig. 3(a) , only one twin is formed, which is bounded by two flat TBs on the (a) and (c) planes. Such twins with flat TBs belonging to different faces of the Thompson tetrahedron will in the following be referred to as type-II twinning wedge (TW-II).
The processes leading to this configuration are described in detail in Fig. 4(b) , and can be observed in the Supplementary Movies M3 and M4, see Appendix A. Plastic deformation started at a bending force of 93 nN (Θ nom = 43°). Two partial dislocations, αB(a) and αD(a), nucleated simultaneously on adjacent (111) planes at the bottom of the wire, see Fig. 4(b.i) . They were immediately followed by the corresponding C α(a) trailing partial dislocations (Fig. 4(b.ii) ), and the perfect dislocations αB(a) + C α(a) (=CB(a)) and αD(a) + C α(a) (=CD(a)) moved towards the neutral axis.
Soon after the nucleation of the dislocations in the compressive part of the wire, a number of γ A(c) leading partial dislocations were nucleated at the top surface under tensile strain, some of them on adjacent planes, see Fig. 4 (b.ii). They moved towards the center of the wire, where they interacted with the stacking fault ribbon formed by the dissociated CB(a) and CD(a) (Fig. 4(b.iii) ). While the wedge-shaped twin was formed at the top, a complicated, interlocked dislocation network formed at the bottom. In contrast to the top, trailing partial dislocations were frequently seen, and full dislocation slip on the (c) and (a) plane was observed (Fig. 4(b.iii) ). It is important to note that both Burgers vectors with resolved shear stresses on the slip planes were activated, e.g. as well CD(a) as CB(a) were nucleated. Small twinned cells were formed where the bottom-nucleated dislocations slipped on adjacent planes. However, no single coherent twin region was created. The formation of dislocation locks along the [011] axis, which is also the bending axis in this configuration, could frequently be observed. 
[111] bending direction

Behavior after load removal
To test whether the bent wires would show pseudoelastic behavior, the applied bending forces on the 51 × 10 nm Cu NWs were instantaneously removed and the evolution of the wire was followed for 200 ps, for both, the simulation performed in the NVE as well as in the NVT ensemble at 300 K. The starting configurations for the three orientations (a-c) are shown in the left part of the subfigures in Fig. 5 . The time, or respective bending angle, at which the force was removed was chosen such that the wedgeshaped twins were fully formed, but no massive dislocation reactions have taken place. 
The evolution of the wire shape and defect content is shown in movies M7-M12 (NVE) and M19-M24 (300 K) in the Supplementary Material, see Appendix A. The configurations 200 ps after load removal are shown in the right part of the subfigures in Fig. 5 . It can be clearly seen that wires that plastically accommodated the bending by the formation of TW-I twinning wedges regained a straight shape, whereas the wire with the flat TW-II wedge-shaped twin remained plastically bent.
Due to the inertia of dislocations [58, 61] and the time for elastic waves to travel through the wire, the motion of the dislocations was not instantaneously stopped or reversed once the bending forces were removed, but the wires continued to deform for a short period of time in the initial direction. For the wire bent in [011] direction, Fig. 5(a) , the twinning dislocations stored in the outer boundaries of the twins started to move back to the upper surface once the ends of the wire started to move up due to the stored elastic energy, and twinning dislocations on the inner TBs moved further down, leading to relatively straight twins passing through the entire wire. The initial intersection of the twins led to some remaining complex dislocation structure in the case of the NVE simulation, as shown on the right side of the left subfigure in Fig. 5(a) . In the 300 K simulations, plastic deformation started earlier (see Table 1 ) and less energy is stored in the elastic bending of the wire. The deformation at 300 K is also generally less localized than in the 0 K simulations. This might contribute to fewer irreversible dislocation reactions for the 300 K simulation and consequently the complete removal of dislocations from the wire upon unbending, as can be seen in on the right side of Fig. 5(a) .
Unloading of the Cu wires bent in [100] led to lots of dislocation activity in the lower, compressive parts of the wires, which resulted in complex, also roughly wedgeshaped patterns of dislocation locks, see Fig. 5(b) . In both, the 300 K and NVE simulations, the wedge-shaped twins in the tensile regions grew slightly while the ends of the wires still moved down. Once the wire ends moved up again, a secondary wedge shaped twin formed inside the first twin in case of the NVE simulation, see the left subfigure of Fig. 5(b) .
Upon removing the bending forces in the NVE simulation of the wire oriented in [111] direction, the dominant wedge-shaped twin transformed first into a twin with parallel TBs transecting the entire wire by the escape of the twinning partial dislocation through the lower surface of the wire. The wire then elastically bent in the opposite direction, which led to a wedge-shaped twin of opposite orientation by the nucleation of partial dislocations of opposite sign on the top surface. At the end, detwinning was complete, and the wire was free of any dislocations or twins, see the left subfigure of Fig. 5(c) . In the bending simulation at 300 K, multiple wedge shaped twins formed on the same twin system, which upon unloading all moved back. Only one thin transecting planar twin and few thin wedge-shaped twins were formed while the wire bent in the opposite direction, and they all retracted, leaving a dislocation and twin free wire, see the right subfigure of Fig. 5(c) . These simulations thus demonstrate clear pseudoelastic behavior of bent NWs with TW-II twins, both at 0 and 300 K.
Discussion
Single-crystalline, defect-free metallic nanowires or nanowhiskers are well-known to exhibit very large yield stresses, up to many GPa, when tested in tension [1-3, 5,7,43,44,62] . The large strains thus possible in tension were shown experimentally to lead to nonlinear elastic response [44] . Under bending, similar or even larger stresses and strains are expected and measured also under experimental conditions [23, 28, 63] . The nonlinear elastic material response is a direct consequence of the non-linearity of the atomic bonding. For the employed Cu potential, this is illustrated in Fig. 6(a) , using the effective pair potential formalism [64] . Nonlinear elasticity, in particular the increase of the Young's modulus in compression and a decrease in tension for [110] oriented crystals [9, 16, 44] and the subsequent shift of the neutral axis from the centroidal axis of the wire, should therefore be considered when analyzing experiments on NW bending or in the design of flexible electronics [17, 19] or nano electromechanical systems (NEMS) [22] . A corresponding analytical framework for cantilever beams based on the generalized Ludwick constitutive law has been recently developed [57, 65, 66] . Given that the neutral axis of bent NWs can deviate from the wire center, simulation methods which assume or enforce a certain position of the neutral layer [35, 46] might lead to artifacts.
It needs to be pointed out that the nonlinear elastic response due to large strains attainable in bending of NWs acts in addition to the size-dependent nonlinear elasticity of NWs [4, 9, 16] . For small diameters, the surface stresses have been shown to lead to a compressive strain in [110] oriented NWs, which in turn lead to an increase in the Young's modulus. For the present Cu NWs, the increase is however below 5% [16] , and the average stress within the relaxed straight 51 × 10 nm NW is σ xx = −0.46 GPa. Surface or size effects can thus not explain the factor of two differences in magnitude of the stresses between the tensile and compressive side in Fig. 3 .
Given the very high stresses in the compressed side of the NWs, it is remarkable that most dislocations are nucleated on the tensile side of the wire, and only in the [100] [49, 64] . The dashed line represents a parabolic fit around the minimum, illustrating the nonlinearity of the potential for large strains. Please note, that in the effective pair potential formalism, the minimum of the effective pair potential does not correspond to the equilibrium nearest-neighbor distance in an fcc lattice [64] . Table 1 . However, even in the [011] orientation, dislocation nucleation took place only in the tensile part of the wire. Dislocation nucleation does, however, not only depend on the resolved shear stress, but also on the height of the energy barrier which needs to be overcome to nucleate a leading partial dislocation. The nucleation barrier can be related to the unstable stacking fault energy γ usf [67] . This quantity also depends on the lattice strain, and for the strain values before dislocation nucleation, the potential in this study shows a more than five times lower γ usf in tension than in compression, see Fig. 6(b) . Like in the case of tension-shear coupling for dislocation nucleation in the highly stressed region around a crack tip [67, 68] , the high tensile strains on the upper surface of the bend wire reduce the critical stress for the nucleation of a leading partial dislocation.
The mechanisms of deformation -twinning in the tensile part and full dislocation slip in the compressive part -are consistent with theoretical considerations regarding the active deformation mode, see e.g. [4, 7, 69] and experimental observations on [110] oriented fcc NW, which show twinning under tension [7, 8] and full dislocation slip in compression [8] .
Provided that twinning is the dominating deformation mechanism in the tensile part of the wire, the occurrence of wedge-shaped twins is a natural consequence of the strain gradient due to the bending. The plastic accommodation of the strain gradient requires the formation of geometrically necessary dislocations (GNDs). In nucleation controlled plasticity like in the case of defect free NWs, all GNDs need to be provided from the surface. The plastic strain gradient therefore can only result from the distance which the dislocations slip from the surface. The arrangement of the surface-nucleated partial dislocations into a wedge-shaped twin is the energetically most favorable arrangement of partial dislocations to accommodate the strain gradient. Accordingly, the wedge-shaped twins can be considered geometrically necessary twins (GNTs) [70] . Wedge-shaped GNTs should therefore be a general feature of [110] oriented, defect-free fcc NWs under bending, or more general, of bent nanostructures which deform dominantly by twinning. Indeed, all our simulations showed wedge-shaped GNTs, independent of size, aspect ratio, temperature and bending rate, see Appendix A. Wedgeshaped GNTs can also be identified in other atomistic simulations of bent NWs, although they were not specifically addressed as such [41] .
The shape, size and location of the wedge-shaped GNTs will depend on the wire geometry and the details of the loading. Here, the TW-II wedge-shaped twins are a special case. They can only form if the bending axis lies within two glide planes with similar resolved shear stresses. As they do not contain any twinning dislocations on their TBs, these structures are relatively stable, and consequently, the plastic bending is not easily reversed, see Fig. 5(b) .
Pseudoelasticity due to twinning/detwinning was already reported in atomistic simulations [10] [11] [12] [13] , and recently also observed experimentally [8] . In contrast to prior studies where pseudoelasticity of NWs was studied under displacement control in tension and compression [10] [11] [12] [13] , two of the NWs studied here in bending returned spontaneously to their straight shape once the load was removed (Fig. 5(a), (c) ). The fact that pseudoelasticity was observed for NVE simulations starting at 0 K as well as for NVT simulations at 300 K and different nominal bending angles demonstrates the robustness of this phenomenon for [110] Key to the pseudoelastic behavior in this case was the storage of the twinning dislocations on the TBs of the TW-II wedge-shaped twins together with the comparatively few interactions between defects leading to few sessile dislocation locks. The spontaneous untwinning and return to the original shape is most probably caused additionally by the ''spring-back'' of the elastically loaded arms of the wire, see movies M7, M11, M19 and M23. This elastic unbending leads to a lever-type action on the central twin segment, providing an additional driving force for its untwinning. Such a lever-type action is not present under uniaxial loading. There, additional driving forces, e.g. by applying displacements in the opposite direction or surface stresses [12] are required for detwinning and the return to the original shape.
The simulations results reported here can of course not be directly applied to experimental conditions: the usual limitations in size and simulated times of MD simulations apply, leading to very fast bending rates, and the potential might not correctly represent material properties like surface and stacking fault energies or elastic constants, in particular at the large strains in the present setup. However, key features of the simulations, like large yield stresses, twinning dominated plasticity under tension and full dislocations under compression and pseudoelastic behavior have been reported for uniaxial deformation in experiments [5, 7, 8, 44] . Furthermore, the main outcomes of this study, namely the effect of large strains on elastic constants and subsequently the position of the neutral axis as well on the unstable stacking fault energy, and the preferred occurrence of wedge-shaped twins should only quantitatively but not qualitatively depend on the atomic interaction model, size, loading rates and setup. It is therefore suggested that wedge-shaped GNTs and pseudoelastic behavior should also be observable under typical experimental conditions.
In order to benefit from pseudoelastic behavior under bending, it is however important to minimize competing deformation mechanisms to the formation of wedgeshaped GNTs, e.g., dislocation nucleation by indentation or at stress concentrations (clamps). Furthermore, the formation of non-intersecting twin segments is desirable. Pseudoelastic buckling of adequately designed beams or bending of cantilever geometries could provide new possibilities to store mechanical energy in nanoscale devices.
Conclusions
We devised a simple setup to perform MD simulations of bending on [110]-oriented copper and gold nanowires in different directions. The large strains attainable in nanowires under bending lead to a pronounced nonlinear elastic response and a subsequent shift of the neutral layer from the central wire axis. In agreement with theory and experiments on uniaxially strained nanowires, the part of the wire under tension deforms by deformation twinning while plasticity in the compressed part of the wire takes place by slip of perfect dislocations. The dominance of twinning versus full dislocations could be traced to the significant decrease of the unstable stacking fault energy with tensile strain, thus leading to easier nucleation of partial dislocations in the tensile strained part of the wire compared to the compressed part. All wires, independent of size, temperature, rate and direction of bending showed the formation of geometrically necessary wedgeshaped twins. Spontaneous pseudoelastic unbending after instantaneous load removal was observed in two of the three bending orientations and can be explained by the storage of twinning dislocations in the twin boundaries of the wedge-shaped twins. The outcomes of this study could be relevant for the design of flexible electronics and mechanical energy storage applications at the nanoscale.
